The development of the organism is subjected to critical and complex influences during the perinatal period. Prenatal and postnatal stresses can have different long-term behavioral effects, and appropriate postnatal manipulations can counteract the behavioral effects of prenatal stress. In the present study, we investigated the involvement of changes in the activity of the hypothalamo-pituitary-adrenal (HPA) axis in the long-term effects of prenatal and postnatal events and of interactions between them. We investigated stress-induced corticosterone secretion and hippocampal corticosteroid receptors in male adult rats submitted to prenatal and/or postnatal manipulations.
The development of the organism is subjected to critical and complex influences during the perinatal period. Prenatal and postnatal stresses can have different long-term behavioral effects, and appropriate postnatal manipulations can counteract the behavioral effects of prenatal stress. In the present study, we investigated the involvement of changes in the activity of the hypothalamo-pituitary-adrenal (HPA) axis in the long-term effects of prenatal and postnatal events and of interactions between them. We investigated stress-induced corticosterone secretion and hippocampal corticosteroid receptors in male adult rats submitted to prenatal and/or postnatal manipulations.
Repeated restraint during the last week of pregnancy was used as prenatal stressor, and adoption at birth was used to change the postnatal environment. We found that (1) prenatal stress prolongs stressinduced corticosterone secretion in adult rats, which was attributed to the observed decrease in central corticosteroid receptors; (2) adoption, irrespective of the stress experience of the foster mother, reverses the effects of prenatal stress; and (3) adoption per se increases maternal behavior and decreases the stress-induced corticosterone secretion peak in the adult offspring. In conclusion, certain prenatal and postnatal manipulations appear to have opposite long-term effects on the activity of the HPA axis, and adoption, probably by modifying maternal behavior, can protect against the effects of prenatal stress. Thus, changes in the activity of the HPA axis may be one of the biological substrates of the long-term effects of certain perinatal events.
[Key words: corticosterone, corticosteroid receptors, hippocampus, prenatal stress, adoption, postnatal stress, pefinatal environment] Prenatal and postnatal environments exercise complex influences on the development of an organism. In particular, life events occurring during these two early periods of life can have different long-term behavioral effects. For example, in man, prenatal stress can induce mental retardation and sleep distur-bances in the infant (Stott, 1973; Shell, 198 1) . In animals, dams stressed during pregnancy can bear offspring with reduced male sexual activity, enhanced emotional reactivity (Thompson, 1957; Ward and Weisz, 1984; Weinstock et al., 1988) , and an increased propensity to self-administer drugs (Deminiere et al., 1992) . Conversely, postnatal stimulation has been found to improve the performance of adult and aged offspring in cognitive tasks (Meaney et al., 1988) . Although prenatal and postnatal events can have different behavioral consequences, they may also impinge on the same behavioral response, and postnatal manipulations can reverse the behavioral effects of prenatal stress. For example, it has been shown that postnatal handling can reverse the increase in emotional reactivity induced by prenatal stress (Wakshlak and Weinstock, 1990) .
Several observations indicate that glucocorticoid secretion could be a substrate of the different long-term behavioral effects of prenatal and postnatal events. First, prenatal stress increases the stress-induced corticosterone secretion peak in preweaning rats (Peters, 1982; Takahashi et al., 1988 ) and attenuates its habituation over repeated exposure to stress in the adult (Fride et al., 1986) . Second, postnatal handling reduces stress-induced corticosterone secretion in adult and aged individuals, probably by strengthening corticosterone feedback (Levine, 1962; Meaney et al., 1988) . Third, impairment in glucocorticoid feedback, resulting in an increased glucocorticoid secretion, is associated with behavioral disorders in adult (Persky, 1975; Pepper and Krieger, 1984; Holsboer, 1989) and aged individuals Sapolsky et al., 1986) . In addition, an increase in glucocorticoid levels can induce behavioral disturbances in humans (Hal1 et al., 1979; Ling et al., 1981) and enhance the addictive properties of drugs in animals (Piazza et al., 199 1) .
In the present study, we examined the influence of prenatal and postnatal experiences on the activity of the hypothalamopituitary-adrenal (HPA) axis. We attempted to address two main questions. First, what are the mechanisms involved in the deregulation of corticosterone secretion in prenatally stressed, adult rats? Second, is the HPA axis a biological substrate for the interaction between postnatal and prenatal events?
We thus assessed stress-induced corticosterone secretion and hippocampal corticosteroid receptors in adult rats that had been submitted to prenatal and/or postnatal manipulations. Repeated restraint of the mother during the last week of pregnancy was used as prenatal stressor, while adoption at birth was employed to change the postnatal environment. Hippocampal corticosteroid receptors were determined as the binding capacity of these receptors appears to be a principal regulating factor in corticosterone secretion. A decrease in these receptors is accompa-nied by an increase in glucocorticoid secretion and vice versa De Kloet and Reul, 1987) . Two different cytosolic receptors for adrenal steroids (Hollenberg et al., 1985; Arriza et al., 1987) contribute to this control (Ratka et al., 1989) , namely, (1) the type I or mineralocorticoid receptor, and (2) the type II or glucocorticoid receptor (Reul and de Kloet, 1985) .
Our results show that (1) prenatal stress decreases central corticosteroid receptors, and prolongs stress-induced corticosterone secretion in adult male rats; (2) adoption at birth, independently by the stress experience of the foster mother, re-'verses the effects of prenatal stress; and (3) adoption per se modifies maternal behavior, increasing pup-directed behavior in foster mothers, and decreases the stress-induced corticosterone secretion peak in the adult offspring.
Materials and Methods General methods
Subjects. Virgin female Wistar rats weighing 250 gm were housed for 5 d in the presence of a sexually experienced male Wistar rat weighing 400 gm. At the end of this period, the pregnant females were randomly assigned to prenatal stress and control groups, and were then individually housed with ad libitum access to food and water. A constant light/ dark cycle (on at 06:OO hr, off at 20:00 hr) was maintained in the animal house, and temperature (22°C) and humidity (60%) were kept constant.
Prenatal stress and adoption procedures. Pregnant female rats were divided into two groups. One group served as a control and was left undisturbed in the home cage; the other group was submitted to restraint stress as described by Ward and Weisz (1984) . Briefly, pregnant females were placed individually in a plastic transparent cylinder(6 cm diameter, 20 cm long) for three 45 min periods per day (9 and I2 A.M. and 5 P.M.) between the 14th and the 2 1 st days of pregnancy. The sessions were performed in a lighted environment. This stress procedure was chosen as it has an indirect influence on the fetus via a direct stress on the mother. At birth, half the pups were raised by their biological mother and the other half were assigned to either control or prenatally stressed foster mothers. The pups were placed in the cage of the adoptive mother within the first 3-6 hr after birth. During this procedure, the mothers were briefly (less than 1 min) removed from their cages. The offspring were weaned 2 1 d after birth, and left undisturbed until testing at 90 d of age. No more than three male siblings per litter were tested in adult life.
Corticosterone assay. In the first experiment, corticosterone levels were determined by radioimmunoassay using a highly specific corticosterone antiserum (Kit ICN Biomedicals Inc.). In the second experiment, plasma corticosterone levels were determined by radiocompetitive binding (Murphy, 1967) .
Type I and type II corticosteroid receptor binding. In order to eliminate endogenous corticosterone, an exchange assay was used for both type I and type II corticosteroid receptors as previously described (Casolini et al., 1993) . The hippocampus of each rat was homogenized in 2 ml of ice-cold 30 mM Tris (TEDGM; pH adjusted to 7.4 with 6 N HCl) containing I mM EDTA, 10 mM sodium molybdate, I mM dithiothreitol, and 10% glycerol, and centrifuged (105,000 x g, I5 min in a Beckman TLl 00 ultracentrifuge) at 4°C. Endogenous, unbound steroids were removed from the soluble fraction by passing the sample through LH-20 columns filled using Pasteur pipette tips and equilibrated with TEGM buffer (IO mM Tris, 2 mM EDTA, 10 mM sodium molybdate, and 2.3 mM @mercaptoethanol). For the type I receptor assay, aliquots of cytosol (140 ~1) were incubated with tritiated corticosterone ('H-B; specific activity, 88 Ci/mmol; New England Nuclear) over a concentration range of 1.25-40 nM (six points for each Scatchard plot) and with a loo-fold excess of unlabeled RU 28362. Unlabeled RU 28362 was used to displace )H-B from type II receptors. Type II receptor binding was evaluated directly using the pure glucocorticoid ZH-RU 28362 (specific activity, 74.3 Ci/mmol; Dositek) over a concentration range of 1.25-40 nM (six points for each Scatchard plot). Nonspecific binding (NSB) for 'H-B was determined in the presence of a 500-fold excess of unlabeled corticosterone, and for 'H-RU 28362 in the presence ofa 500-foldexcess of unlabeled RU 28362. Binding equilibrium was reached after 22 hr at 4°C. This has been shown to be sufficient for maximal exchange, and binding remains stable over this period (Kalimi and Hubbard, 1983;  Meaney et al., 1988 ). Bound and unbound 'H-B or 'H-RU 28362 were separated on Sephadex LH-20 columns equilibrated with TEGDM buffer at 2°C using 60 ~1 of the incubates eluted with 940 ~1 of TEGDM buffer. One milliliter ofthe eluate containing the bound form was added to 3.5 ml of scintillation fluid (Acqualuma, Lumac), and radioactivity was counted. Protein concentrations were determined according to Lowry (195 I) using albumin as standard. The apparent maximum binding capacity (B,,J of )H-B or ZH-RU 28362 and dissociation constants (K,,) for both types of receptors were evaluated from Scatchard plots (Scatchard, 1949 ).
Procedures
Experiment I: influence ofprenatalstrcss on corticosteronesecretion and corticosteroid receptors of adult &pring. In this experiment we compared stress-induced corticosterone secretion and hippocampal corticosteroid receptors in prenatally stressed (S; n = 8) and control (C; n = 9) rats raised by their biological mother. At 90 d of age, offspring of both groups were submitted to a 30 min restraint stress. Restraint was carried out in an identical plastic cylinder to that used for the prenatal stress. Corticosterone levels were determined in three blood samples (250 ~1) withdrawn from the tail vein. The three samples were collected before stress and 30 and 120 min afterward. Type I and type II corticosteroid receptor binding was measured 2 weeks later. Experiment 2: interactions between adoption and prenatal stress. In this experiment, stress-induced corticosterone secretion and hippocampal corticosteroid receptors were studied in six groups of animals ( Table  I ). The first two groups were identical to those in the previous experiment, and contained either control (C, n = 7) or stressed (S; n = 6) offspring raised by their biological mother. The third and the fourth groups contained either control or prenatally stressed rats that were raised by an adoptive foster mother of the same group. Thus, the third group contained prenatally unstressed offspring adopted by a control unstressed mother (CC; n = 6) and the fourth group contained prenatally stressed offspring adopted by a stressed mother (SS; n = 6). The last two groups contained offspring, either unstressed or stressed prenatally, that were adopted by mothers of opposite groups. Thus, one group contained prenatally unstressed rats raised by a stressed foster mother (CS; n = 5) while the other contained prenatally stressed rats adopted by an unstressed foster mother (SC; n = 5). These groups were used to (1) replicate the study ofthe effects ofprenatal stress, (2) study the effects of adoption per se and its influence on the effects of prenatal stress, and (3) control for the influence of the experiences of the foster mother on the outcomes of adoption.
In this experiment, exposure to novelty was the stress used to challenge corticosterone secretion in the adult offspring (90 d ofage). The animals were implanted with intracardiac catheters. They were individually housed during the 6 d recovery period, and they were then placed for 120 min in the novel environment consisting of a circular corridor (170 cm long and 10 cm wide). Blood samples for corticosterone assay were withdrawn from the catheter immediately before exposure to novelty and 30 min and 120 min afterward. Hippocampal corticosteroid receptors were measured 2 weeks later.
Experiment 3: influence of adoption on maternal behavior. In this experiment, the maternal behavior of foster and biological mothers was evaluated (n = 4 per group). The adoption procedure was identical to that described above. This time, both foster and biological mothers were removed from their cages for I min, and the pups were distributed around the cage. Figure 1 . Plasma corticosterone secretion after restraint stress (a) and type I (b) and type II (c) corticosteroid receptors in adult prenatally unstressed rats raised by their biological mother (C) and adult prenatally stressed rats raised by their biological mother (5'). a, Prenatally stressed animals (s) did not differ from controls (C) for corticosterone levels in basal conditions or after 30 min exposure to restraint stress. However, corticosterone levels remained high in prenatally stressed rats 120 min after stress, whereas they returned to preexposure values in the controls. b, Prenatally stressed rats (s) showed a lower binding capacity (-40%) of type I corticosteroid receptors than controls (C). c, Prenatal stress did not significantly modify type II corticosteroid receptors. The affinities of type I and type II receptors were not modified by prenatal stress. Mean affinities were, for type I, 1.14 f 0.11 ntq type II, 0.6 ? 0.12 nM. ***, p < 0.001; **, p < 0.01. Error bars show SEM. the mother was reintroduced into the cage. The two parameters recorded were (1) retrieval latency: time spent by the mother to pick up and to place each pup in the nest over 30 min; (2) time of contact: measured by the time spent by the mother licking and picking up pups over 15 min. These parameters provide reliable information on maternal behavior and are widelv used in studies on laboratory rats (Haney et al., 1989; Mann, 1993) . .
. .
Statistics. The results were compared by two-way analysis of variance (ANOVA). A logarithmic transformation was aDDlied if the data did
not present a normal distribution (Bartlett's testi in the second experiment, the influence of stress and adoption and their interaction were evaluated by bifactorial analysis.
Results Experiment 1. Prenatal stress: influences on stress-induced corticosterone secretion and hippocampal corticosteroid receptors. In adult rats, prenatal stress prolonged the corticosterone secretion induced by restraint stress [prenatal stress x time interaction: F(2,30) = 18.07;~ < 0.000 l] (Fig. la) . Corticosterone levels in either basal conditions or 30 min after stress did not differ between the control and prenatally stressed rats. In contrast, two hours after stress, corticosterone secretion was higher in the prenatally stressed than in the control rats [F(l, 15 (Fig. lb) , and type II receptors by 20% (NS) (Fig. lc) . Experiment 2. Adoption: interaction with prenatal stress and intrinsic action. The results of this experiment confirmed and extended the results of the previous one. Thus, in adult prenatally stressed rats, stress-induced corticosterone secretion was prolonged [prenatal stress x time interaction: F(2, 42) = 4.17; p = 0.0231 (Fig. 2a) and there was a 60% reduction in number of hippocampal type I receptors [F(l, 21) = 10.37; p = 0.0041] (Fig. 26) . The number of type II corticosteroid receptors was also decreased (22%) in the prenatally stressed animals, but not in a statistically significant manner (Fig. 2~) .
Adoption at birth totally reversed the effects of prenatal stress on both corticosterone secretion [prenatal stress x adoption x time interaction: F(2,42) = 6.722;~ = 0.00331 and hippocampal receptors [prenatal stress x adoption x receptors interaction: F( 1, 21) = 5.75; p = 0.0251. Thus, animals that were both prenatally stressed and adopted did not differ from controls in either corticosterone secretion 2 hr after stress (Fig. 2a) or type I corticosteroid receptors (Fig. 2b) . The effects of adoption on prenatal stress were not influenced by the treatment received by the foster mother during pregnancy. Thus, adoption suppressed the effects of prenatal stress whether prenatally stressed rats were adopted by control unstressed (SC) or stressed mothers (SS) (Fig. 2a,b) .
Adoption per se had no significant effect on either corticosteroid receptor numbers or duration of the corticosterone re- unstressed rats raised by their biological mother (C), adult prenatally stressed rat raised by their biological mother (s), adult prenatally stressed rats adopted by a control unstressed mother (SC), and adult prenatally stressed rats adopted by a mother stressed during pregnancy (SS). a, Prenatally stressed animals (S) displayed higher corticosterone levels than those of control rats (C) after 120 min of novelty exposure. Animals that were both stressed and adopted did not differ from controls, either ifthe adoptive mother was unstressed (SC) or stressed (SS) during pregnancy.
b, Type I corticosteroid receptors were reduced by prenatal stress and this effect was totally reversed by adoption in both SC and SS groups. c, Neither prenatal stress nor adoption significantly modified type II corticosterone receptors. The affinities of type I or type II receptors were not influenced by any of the experimental conditions studied. **, p < 0.01 (prenatal stress vs control). Error bars show SEM.
sponse to stress (Fig. 3u-c) . However, it did reduce stress-induced corticosterone secretion [adoption x time interaction: F(2, 42) = 4.97; p = 0.0 121. Although adopted and control rats did not differ in corticosterone levels under basal conditions or 120 min after stress, the corticosterone stress peak (30 min after exposure to novelty) was lower in the adopted rats than in the controls (Fig. 3~ ). This effect of adoption was not influenced by the treatment received by the foster mother during pregnancy. Thus, stress-induced corticosterone secretion in unstressed adopted rats was lower than controls(C) after adoption by either a control unstressed mother (CC group) [F( 1, 11) = 6.19; p = 0.03781 or a stressed mother (CS) [F(l, 10) = 6.01; p = 0.03681. Experiment 3: influence of adoption on maternal behavior. Adoption increased maternal behavior. Thus, foster mothers spent longer licking and picking up pups (contact time) than did the biological mothers [F(l, 6) = 15.63; p < 0.011 (Fig. 4~) . The latency to replace all the pups in the nest (retrieval latency) was also lower with the foster than with the biological mothers [F(l, 6) = 5.92; p = 0.0411 (Fig. 4b) .
Discussion
Ours results indicate that prenatal and postnatal events have a long-term influence on the functional state of the HPA axis. Prenatal stress prolonged stress-induced corticosterone secretion, which was indicative of impaired corticosterone feedback, and selectively reduced type I corticosteroid receptors. In contrast, as described by other authors (Weinstock et al., 1992) , prenatal stress failed to modify type II corticosteroid receptors. Adoption at birth totally reversed the effects of prenatal stress, although adoption per se did not modify either corticosteroid receptors or the duration of stress-induced corticosterone secretion. In fact, adoption per se reduced the stress-induced corticosterone secretion peak. The interaction of adoption with prenatal stress and the effects of adoption per se were not influenced by the treatment received by the adoptive mothers during pregnancy. Similar results were observed whether the foster mother was stressed or not during pregnancy. Adoption also enhanced maternal behavior as the foster mothers devoted more attention to the pups than did the biological mothers.
The decrease in hippocampal type I corticosteroid receptors observed in prenatally stressed rats could account for their prolonged stress-induced corticosterone secretion. Central corticosteroid receptors are now thought to be a fundamental link in the chain of factors regulating corticosterone secretion . Hippocampal corticosteroid receptors appear to play an important role in this process, as it has been shown that a selective reduction in hippocampal corticosteroid receptors is accompanied by a prolonged corticosterone secre- TYPE II TIME (min) Figure 3 . Plasma corticosterone secretion after novelty exposure (a), type I (b), and type II (c) corticosteroid receptors in adult prenatally unstressed rats raised by their biological mother (C), adult prenatally unstressed rats adopted by a control unstressed mother (CC), and adult prenatally unstressed rats adopted by a mother stressed during pregnancy (CS). a, Adopted animals, independently of the treatment received by the mother during pregnancy, had lower corticosterone levels after 30 min of exposure to novelty than control rats. b and c, Adoption did not significantly modify type I or type II corticosteroid receptors. The affinities of type I or type II receptors were not influenced by any of the experimental conditions studied. *, p < 0.05 (adopted groups vs control). Error bars show SEM. tion in response to stress Sapolsky et al., 1986 ). This idea is also supported by two further observations. First, adoption, which suppressed the prolonged corticosterone secretion in prenatally stressed animals, also increased type I receptors in the hippocampus. Second, a selective reduction in type I hippocampal corticosteroid receptors has been found to be associated with a prolonged stress-induced corticosterone secretion, akin to that observed in prenatally stressed rats (Maccari et al., 199 1) .
Although the mechanism by which prenatal stress could reduce corticosterone receptors in the adult is unknown, several possibilities come to mind. For example, exposure in utero to abnormal levels of maternal corticosteroids, which do cross the placental and blood-brain barriers @arrow et al., 1970) may play a role. In the adult, chronic stress and repeated corticosterone administration have been found to reduce corticosteroid receptor numbers (Sapolsky et al., 1984a,b; Maccari et al., 199 1) , whereas perinatal administration of corticosteroids has been found to have neurotoxic effects in the hippocampus (Uno et al., 1990) . Prenatal stress may also modify glucocorticoid secretion in the adult by acting on the developing noradrenergic systems. This idea is supported by three lines of evidence. First, prenatal stress increases the turnover of brain noradrenergic neurons in adult rats (Takahashi et al., 1992) . Second, norepinephrine exerts a direct inhibitory control on hippocampal corticosteroid receptors and facilitates corticosterone secretion (Maccari et al., 1990 (Maccari et al., , 1992a . Third, norepinephrine has more influence on type I than on type II receptors (Maccari et al., 1992a,b) . The type II receptors appear to be more sensitive to changes in corticosterone levels .
The suppression of the prolonged corticosterone secretion in prenatally stressed rats by adoption may be accounted for its effects on type I hippocampal corticosteroid receptors. However, this mechanism cannot explain the decrease in corticosterone secretion peak induced by adoption per se. This is not altogether unexpected as changes in glucocorticoid receptors, which determine the efficiency ofcorticosterone feedback, are more commonly associated with changes in the duration rather than the amplitude of corticosterone secretion (Sapolsky et al., 1984b , Meaney et al., 1988 Maccari et al., 199 1) . Thus, adoption may modify corticosterone secretion via an action on the neurohormonal mechanisms involved in the secretive phase of HPA axis activity. In this respect, the effect of adoption per se on corticosterone secretion appears to differ from that of other postnatal stimulations. For example, postnatal handling selectively reduces the amplitude and the duration of stress-induced corticosterone secretion and increases type II corticosteroid receptors (Meaney et al., 1988) . However, both adoption and postnatal handling converge in reducing glucocorticoid secretion, which may be a common effect of postnatal activation. Figure 4 . Effects of adoption on maternal behavior. a, Foster mothers spent longer licking and picking up the pups (contact time) than did biological mothers. b, Latency to replace all the pups in the nest (retrieval latency) was lower in foster than in adopted mothers. The time of observation was 15 min for the contact time and 30 min for the retrieval latency. *, p < 0.05; **, p < 0.0 1. Error bars show SEM.
The exact mechanisms by which adoption in the postnatal period exercise its long-term effect on the functional state of the HPA axis remain to be elucidated. However, several hypotheses can be advanced. First, changes in maternal behavior can play a role, as we and others (Misanin et al., 1977) have found that foster mothers provide more maternal attention and stimulation to the pups than do the biological mothers. This mechanism has also been proposed to account for the long-term effects observed after other forms of neonatal stimulation (Bell et al., 1974; Hennessy et al., 1988) . Second, changes in the hormonal status of the mother may be involved in the effects of adoption per se. Thus, it has been shown that an increase in maternal corticosterone levels, which can reach the pups through the milk (Angelucci et al., 1985) , induces in adult offspring a comparably reduced stress-induced corticosterone secretion peak to that observed in adopted rats (Catalani et al., 1993) . Third, adoption may reverse the effect of prenatal stress by a neuronal mechanism. For example, it has been shown that postnatal manipulations have a long-lasting effect on the activity of aminergic neurons (Mitchell et al., 1990 ), which in turn can modulate the binding capacity of corticosteroid receptors (Maccari et al., 1992a,b) .
In conclusion, although the development of an organism carries a strong genetic component (Bouchard et al., 1990; Plomin, 1990 ) the early environment can have a long-lasting influence, Both prenatal and postnatal events may modify the activity of the HPA axis, albeit in opposite directions, and postnatal stimulation has been found to suppress the biological effects of prenatal stress. The recognized influence of the activity of the HPA axis on behavioral adaptation suggests that a modification of corticosterone secretion could be a biological substrate of the long-term behavioral effects of prenatal and postnatal events.
